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1 CLAIMS 

2 What is claimed is: 

3 1 . An optical apparatus, comprising: 

4 a semiconductor substrate having a substrate surface; 

5 an entrance face formed on the substrate at the substrate surface and forming an 

6 angle therewith; 

7 a reflecting face formed on the substrate at the substrate surface and forming an 

8 acute angle therewith, the reflecting face positioned relative to the entrance 

9 face so that at least a portion of an optical beam transmitted through the 

10 entrance face into the substrate is internally reflected from the reflecting face 

1 1 toward the substrate surface; and 

12 a photodetector active region formed at the substrate surface, the active region 

13 being positioned so that at least a portion of the optical beam reflected from the 

14 reflecting face impinges on at least a portion of the active region. 

15 2. The apparatus of Claim 1 , wherein the photodetector active region comprises a p-i- 

16 n photodiode. 

17 3. The apparatus of Claim 2, wherein the substrate comprises InP, and wherein the p- 

18 i-n photodiode comprises an InP n-layer, an InGaAs Mayer, and an InP p-layer. 

19 4. The apparatus of Claim 1 , wherein the photodetector active region comprises an 

20 avalanche photodiode. 

21 5. The apparatus of Claim 1 , wherein the entrance face forms an angle with the 

22 substrate surface between about 60° and about 120°. 

23 6. The apparatus of Claim 5, wherein an incident optical beam propagating 

24 substantially parallel to the substrate surface and transmitted through the entrance 

25 face into the substrate is refracted away from the substrate surface. 

26 7. The apparatus of Claim 5, wherein the entrance face forms an angle with the 

27 substrate surface between about 85° and about 105°. 

28 8. The apparatus of Claim 5, wherein the entrance face includes an anti-reflection 

29 coating thereon. 
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1 9. The apparatus of Claim 5, wherein the entrance face includes a wavelength- 

2 selective filter coating thereon. 

3 10. The apparatus of Claim 1 , wherein the reflecting face forms an angle with the 

4 substrate surface between about 40° and about 70°. 

5 11. The apparatus of Claim 10, wherein an incident optical beam propagating 

6 substantially parallel to the substrate surface and transmitted through the entrance 

7 face into the substrate undergoes total internal reflection from the reflection face. 

8 1 2. The apparatus of Claim 1 0, wherein the reflecting face forms an angle with the 

9 substrate surface between about 51 ° and about 60°. 

10 13. The apparatus of Claim 10, wherein the reflecting face includes a reflective coating 

11 thereon. 

12 14. The apparatus of Claim 1 , wherein the photodetector active region and the 

13 reflecting face are separated by more than about 5 ^irn at the substrate surface. 

14 1 5. The apparatus of Claim 1 , wherein the entrance face and the reflecting face are 

15 separated by more than about 50 ^im and less than about 250 |im at the substrate 

16 surface. 

17 16. The apparatus of Claim 1 , further comprising at least two electrical contacts formed 

18 at the substrate surface and connected to the photodetector active area. 

19 17. The apparatus of Claim 1 , wherein the entrance face and the reflecting face are 

20 arranged so that the optical beam, if transmitted through the entrance face at 

21 normal incidence, defines a substantially vertical plane of incidence relative to the 

22 reflecting face. 

23 18. The apparatus of Claim 1 , wherein the entrance face and the reflecting face are 

24 arranged so that the optical beam, if transmitted through the entrance face at 

25 normal incidence, defines a non-vertical plane of incidence relative to the reflecting 

26 face. 

27 1 9. The apparatus of Claim 1 , wherein the reflecting face is substantially parallel to a 

28 crystal plane of the substrate. 
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1 


20. 


The apparatus of Claim 1 , wherein at least one of the entrance face and the 


2 




reflecting face is curved. 


3 


21. 


The apparatus of Claim 1 , further comprising a transmission optical element 


4 




positioned on a second substrate, wherein the semiconductor substrate is mounted 


\j 




on the second substrate with the substrate surface facina the second substrate so 
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6 




that at least a portion of an optical beam emerging from an end face of the 


7 




transmission optical element is transmitted through the entrance face into the 


8 




substrate, is internally reflected from the reflecting face, and impinges on at least a 


9 




portion of the photodetector active region. 


10 


22. 


The apparatus of Claim 21, wherein the transmission optical element is a planar 


11 




waveguide formed on the second substrate. 


12 


23. 


The apparatus of Claim 21, wherein the transmission optical element is an optical 


13 




fiber mounted in a groove on the second substrate. 


14 


24. 


The apparatus of Claim 21, wherein the optical beam is centered on the entrance 


15 




face between about 2.5 jim below a level of the photodetector active area and 


16 




about 50 jam below the level of the photodetector active area. 


17 


25. 


The apparatus of Claim 21, further comprising a substantially transparent 


18 




embedding medium substantially filling an optical path between the end face of the 


19 




transmission optical element and the entrance face. 


20 


26. 


The apparatus of Claim 21, wherein the mounted semiconductor substrate and the 


21 




end face of the transmission optical element are encapsulated. 




27 


The annaratu^ of Claim 1 further comorisina aroove formed on the substrate and 

1 1 1 ClkJLSGll CI IUO wl VrtMClll II I , IUI 11 Ivl wl 1 1 ky 1 ION IU Ul W V \s 1 wl 1 1 IwVJ wl 1 11 Iv wUk/ull MVV/ w*l IVi 


23 




an optical fiber mounted on the substrate in the groove so that at least a portion of 


24 




an optical beam emerging from an end face of the optical fiber is transmitted 






throuah the entrance face into the substrate is internallv reflected from the 
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26 




reflecting face, and impinges on at least a portion of the photodetector active region. 


27 


28. 


A method for making an optical apparatus, comprising: 


28 




forming an entrance face on a semiconductor substrate at a substrate surface, the 


29 




entrance face forming an angle with the substrate surface; 
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1 forming a reflecting face on the substrate at the substrate surface, the reflecting 

2 face forming an acute angle with the substrate surface and positioned relative 

3 to the entrance face so that at least a portion of an optical beam transmitted 

4 through the entrance face into the substrate is internally reflected from the 

5 reflecting face toward the substrate surface; and 

6 forming a photodetector active region at the substrate surface, the active region 

7 being positioned so that at least a portion of the optical beam reflected from the 

8 reflecting face impinges on at least a portion of the active region. 

9 29. The method of Claim 28, wherein the photodetector active region comprises a p-i-n 

10 photodiode. 

11 30. The method of Claim 29, wherein the substrate comprises InP, and wherein the p-i- 

12 n photodiode comprises an InP n-layer, an InGaAs i-layer, and an InP p-layer. 

13 31 . The method of Claim 28, wherein the photodetector active region comprises an 

14 avalanche photodiode. 

15 32. The method of Claim 28, wherein the entrance face forms an angle with the 

16 substrate surface between about 60° and about 120°. 

17 33. The method of Claim 32, wherein an incident optical beam propagating substantially 

18 parallel to the substrate surface and transmitted through the entrance face into the 

19 substrate is refracted away from the substrate surface. 

20 34. The method of Claim 32, wherein the entrance face forms an angle with the 

21 substrate surface between about 85° and about 105°. 

22 35. The method of Claim 32, further comprising forming an anti-reflection coating on the 

23 entrance face. 

24 36. The method of Claim 32, further comprising forming a wavelength-selective filter 

25 coating on the entrance face. 

26 37. The method of Claim 28, wherein the reflecting face forms an angle with the 

27 substrate surface between about 40° and about 70°. 
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1 38. The method of Claim 37, wherein an incident optical beam propagating substantially 

2 parallel to the substrate surface and transmitted through the entrance face into the 

3 substrate undergoes total internal reflection from the reflection face. 

4 39. The method of Claim 37, wherein the reflecting face forms an angle with the 

5 substrate surface between about 51 0 and about 60°. 

6 40. The method of Claim 37, further comprising forming a reflective coating on the 

7 reflecting face. 

8 41 . The method of Claim 28, wherein the photodetector active region and the reflecting 

9 face are separated by more than about 5 |4.m at the substrate surface. 

10 42. The method of Claim 28, wherein the entrance face and the reflecting face are 

1 1 separated by more than about 50 ^m and less than about 250 ^im at the substrate 

12 surface. 

13 43. The method of Claim 28, further comprising forming at the substrate surface at least 

14 two electrical contacts connected to the photodetector active area. 

15 44. The method of Claim 28, wherein the entrance face and the reflecting face are 

16 arranged so that the optical beam, if transmitted through the entrance face at 

17 normal incidence, defines a substantially vertical plane of incidence relative to the 

18 reflecting face. 

19 45. The method of Claim 28, wherein the entrance face and the reflecting face are 

20 arranged so that the optical beam, if transmitted through the entrance face at 

21 normal incidence, defines a non-vertical plane of incidence relative to the reflecting 

22 face. 

23 46. The method of Claim 28, wherein the reflecting face is substantially parallel to a 

24 crystal plane of the substrate. 

25 47. The method of Claim 46, wherein the reflecting face is formed by an etch process 

26 that is selective for at least two non-parallel crystal planes of the substrate, and the 

27 reflecting face is formed along one of the crystal planes. 
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1 


48. 


The method of Claim 28, wherein at least one of the entrance face and the 


2 




reflecting face is curved. 


3 


49. 


The method of Claim 28, further comprising positioning a transmission optical 


4 




element on a second substrate, and mounting tne semiconductor suusiraie on tne 






<;prnnd <ujh<5trate with the substrate surface facina the second substrate so that at 


6 




least a portion of an optical beam emerging from an end face of the transmission 


7 




optical element is transmitted through the entrance face into the substrate, is 


8 




internally reflected from the reflecting face, and impinges on at least a portion of the 


9 




photodetector active region. 


10 


50. 


The method of Claim 49, wherein the transmission optical element is a planar 


11 




waveguide formed on the second substrate. 


12 


51. 


The method of Claim 49, wherein the transmission optical element is an optical fiber 


13 




mounted in a groove on the second substrate. 


14 


52. 


The method of Claim 49, wherein the optical beam is centered on the entrance face 


15 




no less than about 2.5 um below a level of the photodetector active area and no 


16 




more than about 50 \im below the level of the photodetector active area. 


17 


53. 


The method of Claim 49, further comprising substantially filling an optical path 


18 




between the end face of the transmission optical element and the entrance face 


19 




with a substantially transparent embedding medium. 


20 


54. 


The method of Claim 49, further comprising encapsulating the mounted 


21 




semiconductor substrate and the end face of the transmission optical element. 






The mpthnH r»f Hlaim 98 fnrthpr romnri^ina formina a aroove on the substrate and 

1 MC 1 1 Iwll IUU \Jl wIGll 1 II ^U, IUI 11 Ivl OVJI 1 tyjt ion ly iv-m 1 1 ill ly o yi v ^ ui i u iu auuou uiv ui iy 


23 




mounting an optical fiber on the substrate in the groove so that at least a portion of 


24 




an optical beam emerging from an end face of the optical fiber is transmitted 


25 
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26 




reflecting face, and impinges on at least a portion of the photodetector active region. 


27 


56. 


A method for making an optical apparatus, comprising: 


28 




forming multiple corresponding pairs of entrance faces and reflecting faces at a 


29 




surface of a common semiconductor substrate wafer, each entrance face 
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1 forming an angle with the wafer surface, each reflecting face forming an acute 

2 angle with the wafer surface, each reflecting face positioned so that at least a 

3 portion of an optical beam transmitted through the corresponding entrance face 

4 into the substrate wafer is internally reflected from the reflecting face toward the 

5 wafer surface; 

6 forming, for each pair of corresponding entrance faces and reflecting faces, a 

7 corresponding photodetector active region at the wafer surface, each active 

8 region being positioned relative to the corresponding entrance face and 

9 reflecting face so that at least a portion of the optical beam reflected from the 

10 corresponding reflecting face impinges on at least a portion of the active region; 

11 and 

12 dividing the semiconductor wafer into multiple photodetector substrates, each 

13 photodetector substrate having at least one set of corresponding entrance face, 

14 reflecting face, and photodetector active region. 

15 57. An optical apparatus, comprising: 

16 a semiconductor substrate; 

17 a photodetector active region formed on the semiconductor substrate; 

18 a low-index optical medium formed on the semiconductor substrate with an internal 

19 reflector positioned at the photodetector active region, so that at least a portion 

20 of an optical beam propagating within the transmission member is internally 

21 reflected from the reflecting face onto at least a portion of the active region. 

22 58. The apparatus of Claim 57, wherein the optical medium comprises a substantially 

23 transparent dielectric slab. 

24 59. The apparatus of Claim 58, further comprising a transmission optical element 

25 positioned on a second substrate, wherein the semiconductor substrate is mounted 

26 on the second substrate so that at least a portion of an optical beam emerging from 

27 an end face of the transmission optical element is transmitted through an entrance 

28 face of the dielectric slab, is internally reflected from the reflecting face, and 

29 impinges on at least a portion of the photodetector active region. 
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1 60. The apparatus of Claim 59, wherein the transmission optical element is a planar 

2 waveguide formed on the second substrate. 

3 61 . The apparatus of Claim 59, wherein the transmission optical element is an optical 

4 fiber mounted in a groove on the second substrate. 

5 62. The apparatus of Claim 57, wherein the optical medium comprises a planar 

6 waveguide formed on the semiconductor substrate. 

7 63. The apparatus of Claim 62, further comprising a transmission optical element 

8 positioned on a second substrate, wherein the semiconductor substrate is mounted 

9 on the second substrate so that at least a portion of optical power propagating 

10 through the transmission optical element on the second substrate enters the planar 

11 waveguide on the semiconductor substrate, is internally reflected from the reflecting 

12 face, and impinges on at least a portion of the photodetector active region. 

13 64. The apparatus of Claim 63, wherein the transmission optical element is a planar 

14 waveguide formed on the second substrate and transverse-coupled with the planar 

15 waveguide on the semiconductor substrate. 

16 65. The apparatus of Claim 63, wherein the transmission optical element is a planar 

17 waveguide formed on the second substrate, and optical power emerging from an 

18 end face of the planar waveguide on the second substrate is transmitted through an 

19 entrance face of the planar waveguide on the semiconductor substrate. 

20 66. The apparatus of Claim 63, wherein the transmission optical element is an optical 

21 fiber mounted in a groove on the second substrate, and optical power emerging 

22 from an end face of the optical fiber is transmitted through an entrance face of the 

23 planar waveguide on the semiconductor substrate. 

24 67. The apparatus of Claim 57, wherein the optical beam undergoes total internal 

25 reflection at the reflecting face. 

26 68. The apparatus of Claim 57, wherein the reflecting face includes a reflective coating 

27 thereon. 

28 
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